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Summary
Objective: Patients with medial compartment knee osteoarthritis (OA) adopt an abnormal gait pattern, and often develop frontal plane laxity at
the knee. The purpose of this study was to quantify the extent of frontal plane knee joint laxity in patients with medial knee OA and genu varum
and to assess the effect of joint laxity on knee joint kinetics, kinematics and muscle activity during gait.
Design: Twelve subjects with genu varum and medial compartment knee osteoarthritis (OA group) and 12 age-matched uninjured subjects
underwent stress radiography to determine the presence and magnitude of frontal plane laxity. All subjects also went through gait analysis with
surface electromyography of the medial and lateral quadriceps, hamstrings, and gastrocnemius to calculate knee joint kinematics and kinetics
and co-contraction levels during gait.
Results: The OA group showed signiﬁcantly greater knee instability (P ¼ 0:002), medial joint laxity (P ¼ 0:001), greater medial
quadricepsemedial gastrocnemius (VMMG) co-contraction (P ¼ 0:043), and greater knee adduction moments (P ¼ 0:019) than the control
group. Medial joint laxity contributed signiﬁcantly to the variance in both VMMG and the knee adduction moment during early stance.
Conclusion: The presence of medial laxity in patients with knee OA is likely contributing to the altered gait patterns observed in those with
medial knee OA. Greater medial co-contraction and knee adduction moments bodes poorly for the long-term integrity of the articular cartilage,
suggesting that medial joint laxity should be a focus of interventions aimed at slowing the progression of disease in individuals with medial
compartment knee OA.
 2004 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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SocietyIntroduction
Symptomatic knee OA is more common within the medial
tibiofemoral compartment than within the lateral compart-
ment1e3. A primary factor inﬂuencing the development of
medial compartment joint damage is frontal plane malalign-
ment4. Genu varum has been associated with the de-
terioration of the articular cartilage in the knee’s medial
tibiofemoral compartment both to experimentally induce OA
and as a risk factor for OA in a patient cohort4,5.
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be attributable to both anatomical and mechanical factors.
Anatomically, the medial compartment has thinner articular
cartilage than the lateral compartment6 and receives less
protection from the medial meniscus7. Mechanically,
functional activities such as gait and stair climbing oblige
the medial compartment to bear greater loads than the
lateral compartment8. The relatively high medial compart-
ment load is due to the fact that the line of force acting at the
foot passes medial to the knee joint center during gait9,10.
The presence of genu varum alters the forces at the knee
so that the line of force shifts farther medially from the knee
joint center intensifying the already high medial compart-
ment load and creating a medial joint reaction force that is
nearly three and a half times that of the lateral compart-
ment10. The larger medial load has been correlated with the
high external knee adduction moments that are found in
patients with medial compartment knee OA8,11 and may
contribute to the progressive destruction of the medial
compartment’s articular cartilage10. The larger knee adduc-
tion moment has also been positively correlated with static
frontal plane alignment12e16.
High adduction moments contribute to degenerative
changes through greater compression of the medial side
of the joint17, and have been proposed to induce lateral joint5
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ciency of lateral restraints has caused some to postulate
that peak pressures will further increase in the medial com-
partment because lateral laxity allows the lateral femoral
condyle to ‘‘lift off’’ of the tibial plateau. Lateral condylar
liftoff theoretically concentrates the stress on the medial
aspect of the joint and further increases the knee’s
adduction moment10,18.
Several authors have conﬁrmed the presence of overall
frontal plane joint laxity in patients with knee OA19,20,
although none have established the location of the laxity as
identiﬁcation of the neutral point of the knee in this
population is problematic. As the large medial compartment
load contributes to the progressive erosion of the medial
compartment’s articular cartilage, the medial soft tissue
structures may become involved as well. As the cartilage is
worn away, the subchondral bone surfaces draw nearer to
each other, reducing the distance between the medial
compartment’s ligament insertions19,21,22. Joint laxity could
lead to episodes of instability that have been reported
recently23. Recurrent episodes of instability may lead to
further degenerative changes within the joint (Fig. 1). In
animal models, inducing knee instability is used as a model
for generating osteoarthritic changes24.
Andriacchi proposed that in the presence of lateral joint
laxity, the adduction moment must be balanced by a lateral
passive (via gravity) and/or active (via muscles) force18. As
lateral muscle co-contraction increases joint compression
Fig. 1. Diagram of the proposed inﬂuence of varus alignment on joint
laxity. Both medial and lateral joint laxity are thought to develop
leading to lateral ‘‘condylar liftoff’’, increasing joint stress on the
medial compartment exacerbating the degenerative process and
continuing the cycle. Figure modiﬁed, with permission, from an ori-
ginal publishedby theArthritisResearchCampaign,www.arc.org.uk.increases, theoretically limits lateral condylar liftoff. In
walking, muscular co-contraction in those with knee OA
could likewise contribute to the characteristic knee stiffening
strategy, marked by reduced knee ﬂexion excursion that is
often observed in these subjects25. If the frontal plane laxity
were localized to the medial compartment, then a patient
with medial compartment knee OA would require a method
of minimizing the medial laxity, in order to avoid instability.
Increasing medial muscle activity, or allowing a greater
medial load (via a further increased adduction moment),
however, would result in even greater medial compression,
exacerbate joint pain, and lead to further destruction of the
articular cartilage. Identifying the location and extent of the
frontal plane laxity, which has been reported by others19,20,
and determine how patients with medial compartment knee
OA and genu varum act to avoid instability and redistribute
the joint load is important.
The purpose of this study was to quantify frontal plane
knee joint laxity in patients with medial knee OA and genu
varum and to assess the laxity’s effects on knee joint
kinetics, kinematics and muscle activity during gait. It was
hypothesized that subjects with medial compartment knee
OA would have greater medial and lateral frontal plane
laxity and more knee instability than healthy age-matched
control subjects. It was also hypothesized that laxity would
result in a greater knee adduction moment as well as higher
levels of muscular co-contraction, resulting in a characteris-
tic knee stiffening strategy manifested by reduced knee
ﬂexion excursion during the loading phase of gait.
Methods
SUBJECTS
Twelve patients (six females, six males ranging in age
from 39 to 64 years old, meanZ 50.3, SDZ 7.4) with
symptomatic, medial compartment knee osteoarthritis and
genu varum (OA group) were referred for testing by an
orthopedic surgeon. Each subject was being treated by the
surgeon for complaints of knee pain, and had been
scheduled for an opening wedge, high tibial osteotomy.
The diagnosis of OA was made from the clinical history,
a physical examination, and radiographic changes observed
from a standing postero-anterior radiograph with the knees
ﬂexed to 30(31. From these standing radiographs, measure-
ments of joint space width were measured to the nearest
0.1 mm at the narrowest location of both the medial and
lateral compartments using calipers. The radiographs of all
subjects in the OA group showed deﬁnite joint space
narrowing in the medial compartment (medial compartment:
1.99G 0.84 mm of joint space; lateral compartment:
5.9G 1.2 mm of joint space). Assessment of skeletal
alignment was made from a weight-bearing radiograph that
contained the entire lower extremity, from the hip joints to
the feet32. The OA group had a weight-bearing line of
23.1G 10.0%. Subjects who had torn knee ligaments,
lateral compartment or patellofemoral OA, other orthopedic
problems or neurological damage in either lower extremity
were excluded from the study. In addition, a Body Mass
Index (BMI) of 40 or greater was an exclusion criterion. A
control group of 12 age- and gender-matched healthy
subjects (six females, six males ranging in age from 40 to
62 years old, meanZ 49.5, SDZ 6.1) with no evidence of
knee OA was recruited to undergo identical testing to the OA
group. The control group had a weight-bearing line of
46G 8.6% and had 4.9G 1.0 mm of joint space in the
medial compartment and 5.9G 1.3 mm in the lateral
747Osteoarthritis and Cartilage Vol. 12, No. 9Fig. 2. Setup for a stress radiograph. The knee is ﬂexed to 20(, and placed in the TELOS device. For the valgus stress (shown), a consistent
15 dN force is applied to the lateral aspect of the knee at the joint line. For the varus stress (not shown), the force is applied to the medial
aspect of the joint.compartment31. All subjects were informed of the purpose of
the study and signed informed consent forms approved by
the IRB prior to testing.
MEASUREMENT OF JOINT LAXITY
Measurements of joint laxity were made from stress
radiographs taken with subjects lying supine on the X-ray
table with the knee ﬂexed to 20( (Fig. 2). The posterior
aspect of the knee was resting on a foam bolster placed
directly on top of the ﬁlm cassette. The X-ray tube was
centered 101.6 cm (40 inches) above the knee joint and
care was taken to ensure that the leg was rotated to
a position in which the patella was facing anteriorly.
Subjects were instructed to relax the leg muscles. A TELOS
(Austin & Associates, Fallston, MD) stress device was used
to apply a 15 daN (33 lbs) force to generate both a varus
and then a valgus force33. An electronic digital display
provided a measure of the force exerted against the knee
joint line for reproducibility. The varus stress compressed
the articular surfaces of the medial compartment while
stretching the lateral soft tissue structures. In contrast, the
valgus stress compressed the lateral compartment, but
separated the articular surfaces of the medial compartment.
Joint space measurements were made at the narrowest
location of both the medial and lateral compartments to the
nearest 0.1 mm for both the varus and valgus stresses
using calipers. To avoid the issue of estimating a neutral
point, joint laxity was operationally deﬁned as joint space
width at maximum opening minus joint space width
measured with the joint maximally closed. Medial joint laxity
was calculated as the measurement of the medial joint
space during a valgus stress minus the medial joint space
during a varus stress when the medial joint surfaces were
approximated. Similarly, lateral laxity was calculated as the
lateral joint space during a varus stress minus the lateral
joint space during a valgus stress when the lateral joint
surfaces were approximated34. To ensure the validity of ourmeasurements and avoid issues related to magniﬁcation,
an independent observer measured a known distance (one
of the beams on the TELOS device) on each radiograph.
These measurements were then used to scale the
measures of joint space narrowing to avoid any potential
magniﬁcation on the ﬁlm. The reliability of our measure-
ments was performed by repeated testing on eight subjects
with no history of knee injury. This procedure generated an
ICC1,3 of 0.95 for lateral laxity measurements and 0.97 for
medial laxity measurements.
ASSESSMENT OF KNEE JOINT FUNCTION AND INSTABILITY
All subjects were asked to rate knee function using the
knee outcome surveyeactivities of daily living scale (KOS-
ADLS)35. Responses are taken from a 6 point scale.
Instability was assessed using the response to the following
question: ‘‘To what degree does giving way, buckling or
shifting of the knee affect your level of daily activity?’’ taken
from the KOS-ADLS. Reliability and responsiveness of the
questionnaire and this particular question for assessing
knee function and instability in OA have been assessed and
reported by others23,35,36.
MOTION ANALYSIS
All subjects underwent gait analysis with surface electro-
myography for measurement of knee joint angles and
moments, and muscle activation. The motions of the lower
extremity segments were tracked with a six camera VICON
512 passive motion analysis system (Oxford Metrics, UK)
collecting at 120 Hz. The subjects walked across a six-
component force plate (Bertec Corp, Worthington, OH),
placed ﬂush with the ﬂoor in the middle of the volume to
collect ground reaction force data. Ground reaction force
data were collected at 1920 Hz and were synchronized with
the VICON system for simultaneous collection. Limb seg-
ments were identiﬁed by 25 mm, retro reﬂective markers
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lateral femoral condyles, lateral malleolus, and the heads of
the ﬁfth metatarsals to indicate the ends of the segments
and to identify appropriate joint centers. Rigid thermoplastic
shells, each with four markers ﬁrmly afﬁxed, were attached
to the posterolateral aspect of the thigh and shank and
covered with an elastic wrap to minimize movement be-
tween the shell and the bone. An additional shell with a triad
of markers was placed on the posterior pelvis, and two
additional markers were placed on the posterior heel
counter of the subject’s shoe to track the foot’s coordinate
system along with the marker placed over the ﬁfth meta-
tarsal head.
Electromyography (EMG) was recorded at 1920 Hz using
a 16-channel system (Motion Lab Systems, Baton Rouge,
LA) interfaced with the VICON for simultaneous recording.
Active surface electrodes, with a center-to-center distance
of 0.8 inches and a disk diameter of 0.47 inches, were
taped over the mid-muscle belly of the vastus lateralis,
vastus medialis, medial and lateral hamstrings, and the
medial and lateral heads of the gastrocnemius37. Elastic
bands (SuperWrap, Fabrifoam, Inc., Exton, PA) were
wrapped over the electrodes to minimize movement.
Subjects were positioned on a padded plinth to isometrically
test the quadriceps, hamstrings, and gastrocnemius38, for
veriﬁcation of electrode placement. A baseline resting
signal, as well as a signal from the maximum isometric
test, were recorded for each muscle for normalization.
Each subject performed practice walking trials across
a 10 m walkway until a consistent velocity was achieved as
measured by two photoelectric cells placed 286.5 cm apart.
Subjects were free to choose the gait velocity. Trials were
collected until the subject achieved 10 trials in which the
speed did not vary more thanG5% from that of the practice
trials and only the test foot struck the force plate without
targeting. Marker trajectory data were ﬁltered with a 6 Hz
low pass ﬁlter, and force plate data were ﬁltered using a low
pass ﬁlter with a cutoff frequency of 40 Hz. Sagittal plane
hip, knee and ankle joint angles were calculated using rigid
body analysis with Euler angles, and joint moments were
calculated using an inverse dynamics approach (Move3D,
NIH Biomechanics Laboratory, Bethesda, MD) and normal-
ized to body mass and height. The variables included the
knee ﬂexion excursion from initial contact to peak knee
ﬂexion and the peak external knee adduction moment
during early stance.
EMG data were bandpass ﬁltered from 20e1000 Hz in
the hardware prior to sampling at 1920 Hz. Custom written
software ﬁltered the signals using a 350 Hz low pass
Butterworth ﬁlter. Following full wave rectiﬁcation, a linear
envelope of the signal was created using a phase corrected
eighth order Butterworth ﬁlter with a low pass cutoff
frequency of 20 Hz. This linear envelope was normalized
to the maximum signal obtained during the MVIC trials and
was used for calculation of the co-contraction index. Co-
contraction is deﬁned as the simultaneous activation of
antagonist muscles and was calculated according to the
following equation:
co-contraction index ¼
ZPKAM
i¼100msprior to IC
lower EMGi
higher EMGi
!ðlower EMGi þ higher EMGiÞ
This equation allows for the quantiﬁcation of co-contrac-
tion between two muscles during a given time frame. Thisequation was calculated for both the medial and lateral
sides of the joint for the following muscle groups:
quadricepsehamstrings (VLLH and VMMH) and the quad-
ricepsegastrocnemius (VLLG and VMMG) at each point
between 100 ms prior to initial contact to the time of peak
knee adduction moment. This time interval was normalized
to 100 data points and the resulting values were integrated
to arrive at a single representative value of co-contraction
between the two muscles.
STATISTICAL ANALYSIS
Statistical analysis was performed using SPSS (version
11.0, Chicago, IL). Group data for joint laxity were
compared using independent samples t-tests. As walking
velocity inﬂuences gait parameters39, velocity was used as
a covariate in one-way ANCOVA to test group differences in
the knee ﬂexion excursion and knee adduction moment. A
two-way ANOVA (medial/lateral! muscle group) was used
to determine group differences in co-contraction values.
Tukey post hoc tests were used. A linear regression
analysis was used to examine the relationship between
joint laxity, muscular activation patterns and gait variables.
Signiﬁcance was set at aZ 0.05.
Results
The OA group had 5.1G 1.5 mm of laxity in the medial
compartment. This was signiﬁcantly greater than the control
groups laxity of 3.2G 1.0 mm (P ¼ 0:001). No difference in
joint laxity was measured in the lateral compartment,
however, as the OA group had 3.6G 1.6 mm of joint laxity,
and the control group had 4.3G 1.3 mm of lateral
compartment laxity (P ¼ 0:239). Subjects in the OA group
(50.2G 14.7) had signiﬁcantly more impaired knee function
than the control group (99.5G 1.0) as measured by the
KOS-ADLS (P!0:000). No subject in the control group
(N ¼ 12) complained of instability, while nine of 12 subjects
in the OA group reported the presence of instability. Of the
nine subjects in the OA group who reported instability,
seven of these subjects complained that instability affected
the ability to perform activities of daily living (see Table I).
The OA group walked at an average velocity of
1.4G 0.1 m/s and the control group walked at
1.5G 0.2 m/s (P ¼ 0:056). During the weight acceptance
Table I
Responses of OA group to KOS-ADLS question of instability
Number of
subjects
Percentage
I do not have
giving way, buckling,
or shifting of the knee
3 25
I have
the symptom but it does
not affect my activity
2 17
The symptom
affects my activity slightly
3 25
The symptom
affects my activity moderately
2 17
The symptom
affects my activity severely
1 8
The symptom
prevents me from
all daily activities
1 8
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of 10.3G 4.6(, which was signiﬁcantly less than the
15.3G 4.1( excursion of the healthy control subjects
(P ¼ 0:010) (see Fig. 3). After accounting for differences in
walking velocity, the peak knee adduction moment was
signiﬁcantly higher (P ¼ 0:019) in the OA group
(0.391G 0.075 Nmm/kg m) compared to the control group
(0.351G 0.102 Nmm/kg m) (see Fig. 4).
An examination of co-contraction indices during gait (see
Fig. 5), revealed a signiﬁcant main effect for side (medial vs
lateral) (P ¼ 0:001). Both the OA group (P ¼ 0:017) and the
healthy control group (P ¼ 0:029) had greater lateral co-
contraction indices than medial co-contraction. Examining
differences between the groups revealed that on the medial
side of the joint, the OA subjects had a signiﬁcantly greater
VMMG co-contraction index (17.2G 7.3) compared to the
control subjects, which was 10.9G 7.2 (P ¼ 0:043). No
difference was observed between groups for the VMMH
(OA group = 15.6G 6.6; control group = 16.0G 9.9; P ¼
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Fig. 3. Knee ﬂexion angle during stance phase of gait. Positive
values indicate ﬂexion. The black solid line is the mean and the
shaded region is G1 SD of the control group. The dotted line
represents the mean of the OA group. The OA subjects
demonstrated a reduced knee ﬂexion excursion from initial contact
to peak knee ﬂexion, during weight acceptance.
-0.1
0
0.1
0.2
0.3
0.4
0.5
0.6
Percent of Stance
Control
OA Group
Kn
ee
 M
om
en
t (N
mm
/K
gm
)
0 10 20 30 50 60 70 80 90 10040
Fig. 4. External knee adduction moment during stance phase of
gait. The black solid line is the mean and the shaded region is G1
SD of the control group. The dotted line represents the mean of the
OA group. The OA group had a greater peak external knee
adduction moment compared to the control group.0:908), the VLLH (OA group = 25.7G 10.8; control group =
20.0G 9.8; P ¼ 0:184), or the VLLG muscle groups (OA
group = 18.0G 7.8; control group = 15.2G 7.2;P ¼ 0:370).
Medial laxity accounted for a signiﬁcant portion of the
variability in both the VMMG co-contraction values
(r 2 ¼ 0:208, P ¼ 0:029) and the knee adduction moment
(r 2 ¼ 0:213, P ¼ 0:027) for the entire subject pool.
Discussion
The hypothesis that patients with medial knee OA and
genu varum would have greater frontal plane laxity and
instability than an age-matched control group without OA
was supported by the data. Interestingly, excessive laxity
was observed only on the medial side of the joint and was
accompanied by greater medial muscle (vastus medialis
and medial gastrocnemius) co-contraction. The medial
location of the excessive frontal plane laxity is likely
contributing to the cycle of articular cartilage degeneration,
joint malalignment, and altered joint loading (Fig. 6).
It has been theorized that lateral laxity develops in
response to an inability to minimize lateral tensile forces,
which in turn creates larger medial joint compressive loads.
This would also presumably diminish the lateral joint loads
as the lateral femoral condyle lifts off the tibial plateau,
however even in a group of subjects with LCL insufﬁciency,
no reduction in lateral loading was observed40. Lateral laxity
was not observed in our sample, bringing the concept of
lateral condylar liftoff during gait into question10,18,40.
Although we found greater adduction moments in the OA
group, which are consistent with the ﬁndings of other
authors8,11, it was not associated with the presence of
greater lateral laxity. The OA group’s large adduction
moment was also present despite the large magnitude of
lateral muscle co-contraction. In fact, both groups had
larger lateral co-contraction than the medial side which may
represent the normal mechanism for controlling the knee
adduction moment during stance. We have conﬁrmed that
there is indeed a great deal of lateral muscle co-contraction,
in both the OA and control groups, which may help to
redistribute the load laterally as others have speculated
previously10,18. In the presence of larger adduction
0
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Fig. 5. Muscle co-contraction during gait. Co-contraction values
calculated from 100 ms prior to initial contact through peak knee
adduction moment for VMMH (vastus medialisemedial ham-
strings), VMMG (vastus medialisemedial gastrocnemius), VLLH
(vastus lateraliselateral hamstrings), and VLLG (vastus laterali-
selateral gastrocnemius). Values represent mean and standard
deviation. The OA group is in gray and the control group is in black.
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the lateral co-contraction to attempt to compensate for the
large medial load. This may be due to the fact that the
frontal plane laxity in individuals with medial knee OA
appears to be localized to the medial side of the joint, and
the relatively larger medial load (adduction moment) serves
to stabilize the medial side of the joint through increased
compression. The presence of greater medial muscle co-
contraction in the OA group therefore appears to be
a response to further stabilize the medial side of the knee
joint and control excessive medial laxity. The control of
medial laxity through increased medial co-contraction, while
allowing a large adduction moment, seems perplexing and
counter-intuitive, as this strategy should theoretically in-
crease the compressive forces across the joint, exacerbat-
ing the joint pain. It may, however, reﬂect an inability of the
subjects with knee OA and medial joint laxity to control knee
instability by any other means.
The fact that the OA group’s frontal plane laxity is
localized to the medial compartment presents a complicated
scenario for preventing instability. In our sample, joint
stability was provided by high medial muscle co-contraction
and a large adduction moment, which likely results in
a higher joint reaction force and could provide insight into
the pathogenesis of the degenerative process in patients
Fig. 6. Revised theory of the inﬂuence of genu varum on joint laxity.
Frontal plane laxity is located on the medial side. Greater co-
contraction and medial joint load exacerbate medial compartment
degeneration, increasing joint laxity, and propagating a cycle of
medial articular cartilage destruction. Figure modiﬁed, with permis-
sion, from an original published by the Arthritis Research
Campaign, www.arc.org.uk.with genu varum and medial compartment knee OA. The
OA group needs to control the excessive medial laxity in
order to avoid instability, or risk further articular cartilage
damage from the resulting episodes of instability. The
process of preventing joint instability itself, however, is
capable of causing damage to the medial compartment’s
articular cartilage. Therefore, it appears that once medial
joint laxity develops from the medial articular cartilage
degeneration, all methods of preventing instability (i.e.,
increased joint load or muscle co-contraction) lead to
greater joint damage, propagating the destructive cycle.
Theoretically, this could explain, in part, the higher
incidence of knee OA in patients with previous medial
meniscectomy and MCL tears compared to the general
population. Meniscectomy results in increased varuseval-
gus laxity at the knee29,41, and typically leads to the
development of knee OA42.
The presence of frontal plane laxity in patients with
medial knee OA has been established previously19,20,33.
These authors, however, were unable to pinpoint the
location (medial and/or lateral joint) of the laxity because
of an inability to determine a neutral position. The use of
stress ﬁlms allowed us to overcome this problem, providing
us with valuable information regarding the location of the
frontal plane laxity. This study provides insight into the
rationale for the characteristic stiffening gait pattern that is
adopted in patients with medial knee OA. It also provides
the impetus for further research into interventions to
minimize frontal plane laxity that develops at the knee as
articular cartilage is progressively eroded. Although joint
laxity is clearly not the only variable that contributes to the
observed gait pattern, it should be addressed by whatever
intervention is being planned (surgical, or otherwise) for the
patient with painful medial compartment knee OA. We feel
that a failure to eliminate this frontal plane laxity could cause
the continuation of detrimental movement patterns, and
thus, subsequent progression of the painful OA process.
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